ABSTRACT. Laboratory studies were conducted to determine the effect of temperature and cold storage on the performance of Tetrastichus brontispae (Ferriere) (Hymenoptera: Eulophidae), one of the major endoparasitoids against coconut hispine beetle, Brontispa longissima (Gestro) (Coleptera: Chrysomelidae). The results revealed that T. brontispae could successfully parasitize host pupae under all seven tested temperatures, but no adult emergence was observed at 32 C. It was also revealed that temperatures between 24 and 26 C appeared to be the optimum temperatures for parasitism, as these temperatures resulted in the most parasitized pupae and a significantly higher emergence rate and progeny production. These measurements significantly declined at 20, 30, and 32
The coconut hispine beetle, Brontispa longissima (Gestro) (Coleptera: Chrysomelidae), which is believed to be native to an area including Indonesia and Papua New Guinea, is one of the most serious economical invasive pests of Palmae plants (Chiu and Chien 1985, Waterhouse 1987) . Most recently, the beetle has been accidentally introduced into Southeast Asia including Thailand, Vietnam, Philippines, and Hainan Province in China (Liebregts and Chapman 2004 , Lu et al. 2008 , Chen et al. 2010 , Ichiki et al. 2011 , Nguyen et al. 2012 . The pest causes heavy damage and large losses on both the coconut industry and the tropical tourism industry, as both larvae and adults feed on the tissues of unopened leaves of coconut palms, resulting in brown leaves and decreased fruit production (Waterhouse 1987; Nakamura et al. 2006 Nakamura et al. , 2008 Rethinam and Singh 2007; Lu et al. 2008) . Chemical control of B. longissima is deemed undesirable and unpractical, and pesticide application to tall coconut trees poses great risks for applicators because they must climb up to the crown of the tree without protective clothing. Furthermore, application of broad-spectrum pesticides is likely to result in the emergence of insecticide resistant populations, and the residue of pesticides causes health risks to people, domestic and wild animals, and the environment. Augmentative biological control programs have been initiated as parts of integrated pest management programs during the last few years mainly because they are cost-effective means of sustainable management of exotic pests in productive systems. Importation biological control has been conducted mainly using two specialist parasitoids, Asecodes hispinarum (Boucek) (Hymenoptera: Eulophidae) and Tetrastichus brontispae (Ferriere) (Hymenoptera: Eulophidae), against larval and pupal stage of B. longissima (Waterhouse 1987 , Voegele 1989 , Lu et al. 2008 . Successful classical biological control of B. longissima was reported in several countries (Chiu and Chien 1985, Voegele 1989) . Several recent studies confirmed that the above two parasitoids were capable of controlling B. longissima because of their high parasitism performances under laboratory conditions (Halfpapp 2001 , Lu et al. 2008 , Chen et al. 2010 , Nguyen et al. 2012 . Thus, environmentally friendly biological control techniques seem to be feasible. T. brontispae is one of the vital parasitoids of B. longissima and has been successfully introduced to several countries to control the beetle, its success springing from its ability to locate hosts successfully, and its specialization for parasitizing. Details on its biology associated with environment variable factors have been well documented in recent years , Tang et al. 2009 , Chen et al. 2010 . Temperature is one of the vital factors affecting the development, survival, reproduction, and distribution of such parasitoids, and the development rate, fecundity, and longevity of T. brontispae were affected by different temperatures (Chen et al. 2010 , Nguyen et al. 2012 . Previous studies have offered useful information for mass production of the parasitoid in laboratory before mass release. However, basic knowledge on parasitism performance of parents and progeny of T. brontispae related to different temperatures is needed, and knowledge of the effect of temperature must be correctly evaluated before mass rearing and release of the parasitoid wasp in biocontrol programs. One critical issue in the mass rearing of parasitoid wasps is storage of them before application. It is desirable to store sufficient parasitoids to meet a fluctuating demand because field requirements can vary (Bradley et al. 2004, Tezze and Botto 2004) . When climatic and environment conditions are suitable or favorable, storage is needed to ensure the production of a large number of parasitoids for mass release as needed. Cold storage can permit a cost-effective production schedule, providing a means to conserve biological control agents when not immediately needed (Pitcher et al. 2002 , Ayvaz et al. 2008 . Most studies of cold storage have been focused on Trichogramma species (Jalali and Singh 1992 , Boivin 1994 , Kumar et al. 2005 due to its value in biological control programs against many Lepidoptera pests. Cold storage of parasitoids may induce diapause or quiescence, which is a physiological adaptation of insects to survive under extreme environmental conditions (Ozder and Saglam 2004 , Kumar et al. 2005 , Ayvaz et al. 2008 ), resulting in slowed or halted development that resumes once favorable conditions exist. Diapause slows the metabolism of organisms, but the metabolic rate returns to normal upon the return of suitable conditions. Many previous studies indicated that appropriate conditions to store parasitoids varied with species and should be studied in detail for each species separately because all parasitoid species did not have a similar potential to be cold stored prior to their use in biocontrol (Foerster et al. 2004 , Tezze and Botto 2004 , Bayram et al. 2005 , Kumar et al. 2005 , Ayvaz et al. 2008 . Little is known about the effects of cold storage on the performance of T. brontispae, so it is practical to estimate the biology and parasitism performance after cold storage of T. brontispae in the laboratory, which would give an accurate prediction for their performance outdoors.
Therefore, in an effort to increase basic knowledge of the effects of extrinsic factors on the performance of parents and progeny of T. brontispae, as well as to predict the success of parasitism in the field, experiments were conducted on the effects of temperature and cold storage on the performance of T. brontispae. The main objectives of this study were to determine the effects of rearing temperatures on the parasitism capacity and development and the survival of parasitoid progeny. More importantly, to determine the optimal conditions for cold storage, the effects of a range of cold-storage periods on the subsequent parasitism performance of T. brontispae were also investigated.
Materials and Methods
Host Insect Cultures. B. longissima used in the study were collected from Sanya (18 15 0 N, 109 30 0 E), Hainan, China, in 2012. Larvae and adults were introduced into plastic containers (17 by 11 by 5 cm, length by width by height) with a screened window in the lid and reared continuously with fresh coconut leaves under standard laboratory conditions in a climate cabinet (KBWF720, WTB-BINDER, Germany) (26 6 0.5 C, 65 6 5% RH, and a photoperiod of 12:12 (L:D) h). Both males and females were kept together to ensure mating. A piece of tissue paper soaked in a 10% honey solution was fixed on the wall of the box as additional food. Newly emerged pupae of the same generation were selected as hosts for maintaining parasitoids and were used for the experimentation.
Parasitoid Insect Cultures. The colony of T. brontispae was originally obtained from Taiwan in 2012 and was maintained using young pupae of B. longissima. Adult parasitoids of similar age were maintained in groups and fed with 10% honey solution in Petri dishes (6.0 by 2.5 mm, diameter by height). For mass rearing of parasitoids, $200 1-d-old pupae from the host culture were provided in each box together with 400 adult wasps. Then boxes were left until adult wasps died. To segregate parasitoids for continuous mass rearing and experiments, parasitized pupae were removed from the culture and placed individually in tubes (1 cm in diameter) under the same condition as described above. These procedures were repeated everyday.
Effect of Temperature on Performance of Females and Progeny of T. Brontispae. Prior to the experiment, five B. longissima pupae were randomly selected ( 2-h old), placed in groups, and were transferred into plastic tubes (7.5 cm in height, 1 cm in diameter) as prey. A cotton ball soaked in 15% honey and water solution was provided in the bottom of the tube as food. Newly emerged male and female parasitoids were placed together for a period of 24 h to permit mating. One randomly selected female parasitoid wasp was introduced into the tubes to parasitize the pupae. The tubes were kept at seven different constant temperatures (treatments), 20, 22, 24, 26, 28, 30, and 32 6 0.5 C, and maintained in climate cabinets at similar conditions as above, respectively. Thirty female parasitoid wasps (replicates) were tested under each temperature. After a period of 24 h for parasitism, new groups of five young pupae ( 2-h old) were transferred into the tubes with the previous female wasp for continued parasitism until the parasitoid wasps were dead. Newly parasitized pupae (progeny) were removed and placed in a new tube to incubate under the same temperature. After the 5th day of emerged progeny, the parasitized pupae were dissected to confirm parasitism status. Based on the above procedures, the number of parasitized pupae, and female and male progeny were counted separately under different temperatures. Female survival, emergence rate, sex ratio, and developmental period of parents and progeny were recorded and calculated to assess parasitism performance related to different temperatures.
Through the observation of previous and present experiment, we distinguished the parasitized pupae from nonparasitized on the changes of the color. For parasitized pupae, once the host pupae were parasitized then the color deeply changes to black-brown (5-d old) with increasing the time. However, this would not been observed for nonparasitized pupae, they were still keep pale yellow or B. longissima would emerge out after the 5th day, but the parasitized pupae maintain the pupae shape after the 5th day. The number of parasitized pupae contained two portions. One was the cumulative number of pupae which once normal parasitoid wasps emerged out in the 5 d of emergence period before dissection. Another was nonemerged parasitoid wasp (means dead wasp or failure of development from egg to adult) when parasitized pupae were dissected to confirm parasitism status after the 5th day of emerged progeny. Thus, total parasitoid progeny wasps were the sum number of normal emerged parasitoid wasps plus dead wasp. Based on above, the emergence rate was the percentage of normal emerged parasitoid wasps in total parasitoid progeny wasps.
The data on developmental time under the constant temperatures, 20, 22, 24, 26, and 28 C were used for establishing the temperaturedevelopmental rate regression equation. The developmental threshold (T 0 ) and the effective accumulative temperature (K) were calculated as following:
where T indicates average temperature of development, V represents growth rate, and n is the number of treatments.
Effect of Cold Storage on Biological Performance of T. Brontispae. Prior to the experiment, $200 1-d-old pupae of B. longissima in the same generation were placed together with sufficient adult parasitoids in a plastic box (17 by 11 by 5 cm, length by width by height) under the same standard laboratory conditions at 26 C. After a period of 24 h of parasitism, the 5-d-old parasitized pupae were randomly selected, divided into three groups, and stored in darkness for periods of 10, 20, and 30 d at 10 C in a climate cabinet. When the storage period was finished, the cold-stored pupae were transferred into tubes (7.5 cm in height, 1 cm in diameter) for normal rearing at 26 C. After the 5th day of emerged progeny, parasitized pupae were dissected to confirm parasitism status. Thirty cold-stored pupae were tested at each storage period (treatment), and one group was stored at 26 C as a control treatment. The number of female and male wasps that emerged from cold-stored pupae was counted daily. The emergence rate and the time of development from egg to adult were also recorded under different storage periods.
Effect of Cold Storage on Parasitism Performance of T. Brontispae. To estimate the effect of cold storage on parasitism performance, young adult T. brontispae that had emerged from 10, 20, and 30 d of cold storage as pupae were selected as parasitoids. Males and females were placed together for a period of 24 h to ensure mating, and afterward, one female was randomly selected and placed into a tube (7.5 cm in height, 1 cm in diameter) with five B. longissima pupae ( 2-h old). A cotton ball soaked with 10% honey solution was provided in the tube as food. The tube was maintained at 26 C in climate cabinets at similar conditions as above. After a period of 24 h for parasitism, new groups of five B. longissima pupae ( 2-h old) were transferred into the tube with the previous female wasp for continued parasitism until the wasps were dead. Newly parasitized pupae (progeny) were removed and placed in a new tube to incubate at a temperature of 26 C. Thirty female parasitoid wasps (replicates) that emerged from each of the three cold-storage periods were tested, and parasitoids stored at 26 C were used as a control treatment. The number of parasitized pupae and females and males of progeny were counted and recorded daily, and sex ratios at different treatments were calculated.
Statistical Analysis. All statistical tests were performed using the GLIMMIX procedure in SAS version 9.13 (www.sas.com). The effects of temperature on survivorship, number of parasitized pupae, emergence rate, developmental time, and offspring production were analyzed using one-way analysis of variance of Tukey's test. The significant differences between treatments concerning cold-storage periods with control group were determined by Dunnett's test. Differences at a probability level of P < 0.05 were considered significant.
Results
Effects of Temperature on Performance of Female T. Brontispae. The effects of temperature on survivorship and parasitism of parent T. brontispae are summarized in Table 1 . Temperature had a highly significant effect on the survivorship of adult T. brontispae (Table 1) . Higher temperatures were associated with declines in adult survivorship, and the survival of female parasitoids was significantly longer at 20 and 22 C, whereas it declined at 32 and 30 C. Survival difference were not significant among the 24, 26, and 28 C treatments (Table 1) . Temperature had a varied effect on parasitism performance of T. brontispae. Female wasps showed the highest parasitism capacity at 26
C. The number of parasitized pupae significantly decreased as the temperature increased to 30 and 32 C, respectively. No significant difference was found on parasitized pupae at 20, 22, 24, and 28 C (Table 1) .
Obtained data on emergence rates emerged from parasitized pupae of T. brontispae under different temperatures are displayed in Table 2 . Emergence rates at 26, 24, and 22 C were significantly higher than other temperatures, but the differences were not significant among the three temperatures. No parasitoid wasp emerged at 32 C, as the larval stage had died after dissection of such parasitized pupae reared under such temperature.
Effect of Temperature on Host Suitability for Parasitism of T. Brontispae. Data on the number of wasp progeny are presented in Table 2 . The mean number of adult wasps that emerged from parasitized pupae was significantly affected by rearing temperatures. The highest numbers of progeny generated per parent female wasp were at 26 and 24 C, and numbers declined at 20, 22, 28, and 30 C. The sex ratio (% female) was not significantly affected by temperature, as the overall sex ratios of emerged adults were female biased under different temperatures ( Table 2) .
The effect of temperature on developmental times is presented in Table 2 . The mean developmental time of progeny of T. brontispae decreased with increasing temperature, and the developmental time from egg to adult was significantly longer at 20 and 22 C than other treatments. The relationship between temperature (20-28 C) and development rate of progeny of T. brontispae could be reflected by the regression equation V ¼ 0.0033T À 0.0343 (R 2 ¼ 0.9497, P ¼ 0.05) (Fig. 1) , where V is developmental rate from egg to adult and T is the temperature. The developmental threshold was 10.48 C, and the effective accumulative temperature was 303.03 degree days accordingly.
Effect of Cold Storage on Parasitism of T. Brontispae. The effects of cold storage on emergence rate, developmental time from parasitized pupae to adult, mean number of female progeny emerged from parasitized pupae, and sex ratio are listed in Table 3 . Emergence rate was significantly affected by longer storage periods when the parasitized pupae were stored at 10 C. In the control, 90.00 6 5.77% of adults emerged, but this significantly decreased after 10-, 20-, and 30-d storage periods. A similar decrease was also observed in the number of female progeny that emerged from cold-stored parasitized pupae. The sex ratio (% female) was not significantly influenced by cold-storage periods, as the overall sex ratios of emerged adults were female biased.
Cold-storage periods of parasitized pupae at 10 C had a significant effect on development. The developmental duration from parasitized pupae to adult wasp was significantly prolonged with increasing storage periods when compared with the control (Table 3) . Storage periods of 20 and 30 d lead to increased developmental time, but the emergence rate and number of progeny were significantly reduced by such storage periods. Parasitized pupae would likely benefit from cold storage for 10 d at 10 C, as no significant difference was found compared with the control.
Effect of Cold Storage on Survival and Reproduction of T. Brontispae. The mean survival period of T. brontispae adults that emerged from cold-stored parasitized pupae was significantly influenced by storage period when it parasitized the pupae of B. longissima. An increase in storage period resulted in lower survival time than that of the control, but the adult females that emerged from 10 d of coldstored parasitized pupae at 10 C showed capable survival time compared with the control, and this significantly decreased for those cold stored for 20 and 30 d (Table 4) . A similar decreasing trend was also found in the number of parasitized pupae as the storage period increased (Table 4) . A storage period of 20 and 30 d negatively affected the number of parasitized pupae. The emergence rate of progeny was not affected by cold storage compared with the control.
Comparisons of the control treatment with any other treatment on the mean number of female progeny, which were produced by parent parasitoid wasps that emerged after cold storage, varied greatly depending on storage period. The number of females that emerged per wasp significantly decreased from the control and 10 d of storage to 20 and 30 d of storage (Table 5 ). The sex ratio (% female) was not significantly affected by cold-storage period (Table 5) , as the overall sex ratios of emerged adults were female biased. No significant difference was observed on developmental time among the treatments (Table 5) .
Discussion
Temperature is one of the major environmental variables affecting the development, reproduction, longevity, and survival of parasitoids, as well as the parasitism performance and progeny production. It can be seen from this study that survival time of adult T. brontispae was negatively related to increasing temperature when the female wasp parasitized pupae of B. longissima. Similarly, a reduction in survivorship of T. brontispae due to high temperature has been shown by previous studies , Tang et al. 2009 , Chen et al. 2010 ). Adult T. brontispae could survive for 3.86 6 0.21 d at 32 C in our study ( Table 1 ), suggesting that T. brontispae could be a desirable candidate species for mass rearing and release as a biological control agent in hot climates due to its tolerance of higher temperatures. Few parasitized pupae and no emergence were observed at 32 C (Table 2) , but the B. longissima pupae parasitized by female wasps had died under such temperature.
There are many intrinsic and extrinsic factors that affect parasitism, such as host density, host stages, and parasitoid age (Hentz 1998 , Honda 1998 , Aung et al. 2010 . Chen et al. (2010) , and Nguyen et al. (2012) demonstrated that T. brontispae successfully attacked and developed in all stages of hosts from the fourth instar larvae to 4-d-old pupae, but the optimum host stage could be young pupae (<1-d old). Our study indicated that 24-26 C was the optimum temperature for parasitism because of the high number of parasitized pupae, the high emergence rate, and large production of progeny (Table 2 ). This result suggests that T. brontispae would be most capable of attacking B. longissima if the environment temperature is near 24-26 C when the parasitoid is released in biocontrol programs. The results of our study are consistent with the study of Nguyen et al. (2012) , who indicated that temperatures from 22 to 28 C were appropriate for parasitizing B. longissima pupae and lower and higher temperatures were not beneficial to parasitization. Furthermore, 32 C might lead to mortality for T. brontispae larvae because no progeny of wasp emerged from parasitized pupae at this temperature (Table 2 ). This result is in accordance with Nguyen et al. (2012) , who also demonstrated that wasps of T. brontispae could not complete development below 16 and above 31
C. Control efficiency of T. brontispae may have been limited in the field environment because the natural temperature may have been too hot or too cold.
In this study, sex ratio of progeny was not significantly different among all temperatures and confirmed T. brontispae is a female-biased parasitoid wasp (Table 2) , which indicates that this parasitoid has the potential to reduce the population of coconut leaf beetle because of the amount of female parasitoids produced (Chiu and Chien 1985 , Jervis and Copland 1996 , Tang et al. 2009 ). The developmental time of progeny significantly declined with increasing the temperatures (Table 2) . This result is similar to the results of Ma et al. (2006) , but the time was comparatively longer compared with Chen et al. (2010) . The difference is most likely due to different host insect cultures. The development threshold of T. brontispae progeny in our study was 10.48 C (Fig. 1) , indicating that T. brontispae may show the potential of overwintering ability to establish its population in Hainan Province where the average temperature is ranging from 16 to 24 C in the coldest months of winter.
For effective mass production, it is necessary to develop effective methods for storing parasitoids without negatively affecting their fitness (Langer and Hance 2000) . The capacity to survive at low temperatures can be exploited for parasitoid cold storage before mass release in biological control programs (Hofsvang and Hagvar 1977, Levie et al. 2005) . However, there are few studies and little information that record the influence of cold storage on survivorship and parasitism of T. brontispae. In this study, development of T. brontispae was prolonged with prolonged storage periods. T. brontispae successfully emerged from all cold-stored parasitized pupae, but emergence rate and parasitism performance declined as the storage period increased (Tables 3 and 4 ). The emergence rate was similar to the control after a storage period of 10 d at 10 C but significantly declined after 30 d (Table 3) . A reduction in emergence rate due a long period of cold storage was also seen on Trichogramma spp. by Jalali and Singh (1992) adversely influenced adult emergence. Similarly, the mean number of females that emerged from cold-stored parasitized pupae was also negatively affected by length of storage period of 20 and 30 d (Table 3) , possibly it was attributed to the delay and interference of normal metabolic conditions after being cold stored for a prolonged period (Tezze and Botto 2004) . Nevertheless, no significant difference was observed between a storage period of 10 d at 10 C and without cold storage at 26 C (Table 3) . Thus, the above data showed that parasitized pupae could be safely stored up to 30 d at 10 C, and the ideal storage period was 10 d, which might be a storage technique useful in biological control programs for mass release of T. brontispae.
Parasitism performance of emerged parasitoids declined with coldstorage treatments even though all emerged parasitoids parasitized the host pupae. The number of parasitized pupae achieved by emerged parasitoids was not significantly different than the control (26 C) after 10 d storage at 10 C, whereas it was significantly lower after storage periods of 20 and 30 d (Table 4) . Reduced parasitism performance of cold-stored parasitoids has been reported for several other egg parasitoids (Pitcher et al. 2002 , Rundle et al. 2004 , Bayram et al. 2005 , possibly because they were not well formed, were too weak, or had other physiological changes. Many factors might be involved in explaining this observation, such as an incomplete development, a decrease in sperm survival or motility, or even death of germ cells during cold storage (Levie et al. 2005) . These need further investigation.
Longer storage resulted in a significant decrease of emerged-adult survivorship and number of progeny, except for 10 d in cold storage. The results of our study suggest that there was no adverse effect of emerged parasitoids from cold-stored parasitized pupae on emergence rate and developmental duration from egg to adult of progeny (Table 5) . This result can be useful in preserving both the quality of the founder colony of T. brontispae and the parasitoid production prior to mass releases.
The proportion of female progeny and the emergence rate of progeny were not significantly modified when the parasitized pupae were stored at 10 C. This demonstrated that storage period had no differential effects on pupal survival depending on the sex, as sex ratios of adult parasitoids were not affected by storage treatments. Data on sex ratio also clearly confirmed that T. brontispae was a female-biased parasitoid wasp (Chen et al. 2010) , which indicates that this parasitoid has the potential to successfully manage B. longissima in the field through mass production and release (Nguyen et al. 2012) .
On the basis of results of this study, we conclude that survivorship, development, and parasitism of T. brontispae are significantly affected by temperature, and 24-26 C appears to be the optimum temperature for parasitism, as T. brontispae had a higher emergence rate and more production of progeny under such temperatures. More importantly, even though cold storage of parasitized pupae can extended up to 30 d at 10 C, emergence rate and parasitism performance were adversely influenced by longer storage periods. Thus, 10 d is the optimum coldstorage period at 10 C. Storage under such conditions may enable production of a large enough quantity of parasitoids for release and maintenance of the quality of the laboratory colony. Further studies on the efficiency of cold-stored T. brontispae against coconut leaf beetles in field environments, storage possibilities of host eggs and adults, and more acceptable storage temperatures related to parasitism performance may be needed to develop parasitoid mass production techniques for biological control. The results of this study could allow better understanding of the ecology of T. brontispae and improve biological control of B. longissima.
